Toward understanding the underlying mechanisms of pelvic tilt reserve in adult spinal deformity: the role of the 3D hip orientation by MEKHAEL, Mario et al.
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of
Technology researchers and makes it freely available over the web where possible.
This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/20457
To cite this version :
Mario MEKHAEL, Georges KAWKABANI, Renée Maria SALIBY, Wafa SKALLI, Eddy SAAD,
Elena JABER, Rami RACHKIDI, Khalil KHARRAT, Gaby KREICHATI, Ismat GHANEM, Virginie
LAFAGE, Ayman ASSI - Toward understanding the underlying mechanisms of pelvic tilt reserve in
adult spinal deformity: the role of the 3D hip orientation - European Spine Journal - 2021
Any correspondence concerning this service should be sent to the repository
Administrator : archiveouverte@ensam.eu
https://doi.org/10.1007/s00586-021-06778-4
Toward understanding the underlying mechanisms of pelvic tilt 
reserve in adult spinal deformity: the role of the 3D hip orientation
Mario Mekhael1 · Georges Kawkabani1 · Renée Maria Saliby1 · Wafa Skalli2 · Eddy Saad1 · Elena Jaber1 · 
Rami Rachkidi1 · Khalil Kharrat1 · Gaby Kreichati1 · Ismat Ghanem1 · Virginie Lafage3 · Ayman Assi1,2 
Abstract
Purpose To explore 3D hip orientation in standing position in subjects with adult spinal deformity (ASD) presenting with 
different levels of compensatory mechanisms.
Methods Subjects with ASD (n = 159) and controls (n = 68) underwent full-body biplanar X-rays with the calculation of 
3D spinopelvic, postural and hip parameters. ASD subjects were grouped as ASD with knee flexion (ASD-KF) if they com-
pensated by flexing their knees (knee flexion ≥ 5°), and ASD with knee extension (ASD-KE) otherwise (knee flexion < 5°). 
Spinopelvic, postural and hip parameters were compared between the three groups. Univariate and multivariate analyses 
were then computed between spinopelvic and hip parameters.
Results ASD-KF had higher SVA (67 ± 66 mm vs. 2 ± 33 mm and 11 ± 21 mm), PT (27 ± 14° vs. 18 ± 9° and 11 ± 7°) and 
PI-LL mismatch (20 ± 26° vs − 1 ± 18° and − 13 ± 10°) when compared to ASD-KE and controls (all p < 0.05). ASD-KF 
also had a more tilted (34 ± 11° vs. 28 ± 9° and 26 ± 7°), anteverted (24 ± 6° vs. 20 ± 5° and 18 ± 4°) and abducted (59 ± 6° 
vs. 57 ± 4° and 56 ± 4°) acetabulum, with a higher posterior coverage (100 ± 6° vs. 97 ± 7° for ASD-KE) when compared to 
ASD-KE and controls (all p < 0.05). The main determinants of acetabular tilt, acetabular abduction and anterior acetabular 
coverage were PT, SVA and LL (adjusted  R2 [0.12; 0.5]).
Conclusions ASD subjects compensating with knee flexion have altered hip orientation, characterized by increased posterior 
coverage (acetabular anteversion, tilt and posterior coverage) and decreased anterior coverage which can together lead to 
posterior femoro-acetabular impingement, thus limiting pelvic retroversion. This underlying mechanism could be potentially 
involved in the hip-spine syndrome.
Keywords Adult spinal deformity · Hip · Spine · Acetabulum · Sagittal alignment · Knee flexion
Introduction
An aging of the worldwide population is actually being wit-
nessed with the proportion of people over 60 predicted to 
increase [1], leading to an increase in bone and joint patholo-
gies [2]. Aging of the human skeleton, along with muscle 
degeneration, can lead to many functional and psychological 
burdens [3–5]. The scientific community has seen a rising 
interest in spinal pathologies that are quickly becoming a 
public health issue.
Adult spinal deformity (ASD) is defined by specific 
radiological measures [6]. ASD includes a wide spectrum 
of deformities, including adult scoliosis, progressive ado-
lescent idiopathic scoliosis in adult patients, hyperkyphosis 
and sagittal deformity (iatrogenic, degenerative or post-
traumatic) [7]. ASD patients are known to present sagittal 
malalignment leading to the recruitment of compensatory 
mechanisms in order to maintain a horizontal gaze, and to 
keep their head and center of gravity above their feet [8]. 
These compensatory mechanisms spread from the cervical 
spine proximally down to the lower limbs distally [9–11]. 
The succession of the events participating in this chain of 
mechanisms is well studied in the literature [11–16]. The 
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deformity usually begins at the level of the spine and is char-
acterized by a flattening of the spinal curvatures, especially 
at the lumbar level, even leading to an inversion in certain 
severe stages. This then leads to a pelvic retroversion as a 
compensatory mechanism [17], causing an extension at the 
level of the hips. Knee flexion develops in later stages in 
order to palliate for the exhaustion of said hip extension 
[11, 14, 18] and is generally considered as the final stage of 
compensation [19].
It is known that with the exhaustion of pelvic tilt reserve, 
the only remaining mechanism to maintain the head over 
the feet is to flex the knees. Moreover, subjects with ASD 
were found to have an anteverted acetabulum when com-
pared to controls [20], with a decrease in this anteversion 
reported after spinal correction. Also, previous studies have 
showed that increased acetabular anteversion was associ-
ated with both increased pelvic incidence [21] and pelvic tilt 
[22]. Therefore, it was hypothesized that hip morphology is 
involved in the chain of compensation and in the limitation 
of pelvic tilt reserve.
As such, the aim of this study was to explore the 3D hip 
morphology in the standing position in subjects with ASD 
presenting at different stages of compensation.
Methods
This is an IRB-approved cross-sectional monocentric study 
where subjects with ASD consulting our center for radio-
graphic follow-up were enrolled. Subjects were included if 
they were > 20 years and had back pain, with at least one of 
the radiographic diagnostic criteria as defined by the Inter-
national Spine Study Group [6]: pelvic tilt (PT) > 25°, Cobb 
angle > 20°, sagittal vertical axis (SVA) > 50 mm, or thoracic 
kyphosis (TK) > 60°. A control group was also enrolled and 
included subjects with no back pain or orthopedic history.
Demographic parameters (age, weight, height and sex) 
were collected. Full-body biplanar standing radiographs were 
performed (EOS  Imaging®, Paris, France) for all subjects in 
the freestanding position [23]. Then, 3D reconstructions of 
the spine and lower limbs were performed by well-trained 
operators using the  SterEOS® software (EOS  Imaging®, Paris, 
France; version 2019), and the pelvis was reconstructed in 3D 
using a specific software (Arts et Métiers ParisTech, Paris, 
France). Briefly, the 3D reconstruction technique of the pelvis 
is based on the detection of anatomical landmarks of the pel-
vis and proximal femur, on both the lateral and frontal radio-
graphs, such as sacral plate contour, sacroiliac joint, acetabular 
rims, anterior–superior iliac spine, pubic symphysis, greater 
trochanter, femoral neck and femoral condyles. This allows 
a first estimation of the 3D pelvis shape that can be retropro-
jected on both images. The model is then adjusted by modify-
ing the pelvic contours on both frontal and lateral radiographs 
for a best fit between retroprojected and radiographic contours 
[24].
Spinopelvic and global postural parameters were generated 
from the 3D skeletal reconstructions: SVA (in mm), CAM 
plumb line (in mm, as the sagittal distance between the center 
of auditory meatus plumb line and the posterior corner of the 
sacrum), C7-CSL (in mm, as the frontal deviation of the C7 
plumb line to the middle of the sacral plate), lumbar lordosis 
L1S1 (LL, in °), thoracic kyphosis T1T12 (TK, in °), Cobb 
angle (in °), pelvic incidence (PI, in), PI-LL mismatch (in °), 
pelvic tilt (PT, in °) and knee flexion (KF, in °: flexion + /exten-
sion -) (Fig. 1).
The following hip parameters were calculated from the 3D 
pelvic reconstructions: acetabular anteversion (AAnt, in °), 
abduction (AAbd, in °), tilt (AT, in °), anterior and posterior 
coverage angles (AACA and PACA, respectively, in °). As for 
the lower limbs, acetabular coverage over the femoral head 
(ACFH, in %), neck shaft angle (NSA, in °) and femoral ante-
version (FA, in °) were calculated (Fig. 2).
Statistics
At first, demographic parameters were compared between 
ASD subjects and controls using the Mann–Whitney test for 
age, weight and height and a chi-squared test for sex. The spin-
opelvic and global postural parameters were also compared 
between ASD subjects and controls using the Mann–Whitney 
test.
Then, in order to investigate the differences in hip mor-
phology between different strategies of compensation in ASD, 
patients who presented with knee flexion ≥ 5° were grouped as 
ASD with knee flexion (ASD-KF), and those with knee flex-
ion < 5° were grouped as ASD with knee extension (ASD-KE).
In order to assess the discrepancies in spinopelvic and pos-
tural alignment as well as hip parameters between ASD-KF, 
ASD-KE and controls, a Kruskal–Wallis test was applied fol-
lowed by Conover–Iman pairwise comparisons with a Bonfer-
roni correction.
The relationship between hip parameters and spinopel-
vic parameters was investigated through a univariate analy-
sis, using Pearson’s correlations. Then, in order to investi-
gate the determinants of hip parameters among spinopelvic 
and postural alignment parameters, stepwise multiple linear 
regressions were computed while controlling for demo-
graphic variables.  Xlstat®  (Addinsoft®, Paris, France; version 
2020.1.3.65336) was used for the statistical analysis. The level 
of significance was set at 0.05.
 
Results
In total, 159 ASD (126F and 33 M) and 68 controls (51F and 
17 M) were included. There were no significant differences 
between the two groups for age (ASD = 46 ± 21 vs. con-
trols = 39 ± 13 years, p = 0.052), weight (ASD = 69 ± 17 vs. 
controls = 68 ± 14 kg, p = 0.883) and sex (p = 0.352). Sub-
jects with ASD were shorter than controls (ASD = 162 ± 10 
vs. controls = 165 ± 8 cm, p = 0.015; Table 1).
When comparing spinopelvic and global postural param-
eters between ASD subjects and controls, ASD subjects 
were found to have an increased SVA as expected (29 ± 59 
vs. − 11 ± 21 mm, p < 0.001), CAM plumb line (1.3 ± 57 vs. 
-27 ± 25 mm, p = 0.001), knee flexion (6 ± 10 vs. − 1 ± 5°, 
p < 0.001), PT (22 ± 12 vs. 11 ± 7°, p < 0.001), Cobb angle 
(26 ± 17 vs. 4 ± 6°, p < 0.001) and a decreased LL (51 ± 22 
vs 62 ± 10°, p < 0.001).
When assessing patients according to knee flexion com-
pensation, 67 ASD presented with knee flexion (≥ 5°) and 
were included in the ASD-KF group, while 92 had knee 
extension (< 5°) and were included in the ASD-KE group. 
Patients in the ASD-KF group had a more pronounced 
sagittal malalignment compared to the ASD-KE and con-
trol groups, characterized by a higher SVA (67 ± 66 mm vs. 
2 ± 33 mm and − 11 ± 21 mm resp., p < 0.001), knee flex-
ion as expected (15 ± 9° [5°;50°] vs. − 1 ± 4° [− 13°;5°] and 
-1 ± 5° [− 12°;11°] resp., p < 0.001), PT (27 ± 14° vs. 18 ± 9° 
and 11 ± 7° resp., p < 0.001) and PI-LL mismatch (20 ± 26° 
vs − 1 ± 18° and − 13 ± 10° resp., p < 0.001). Patients in the 
ASD-KE group had an increased Cobb angle compared to 
the ASD-KF and control groups (29 ± 17° vs. 23 ± 16° and 
4 ± 6° resp., p < 0.001) (Fig. 3).
When investigating hip parameters, patients in the ASD-
KF group were found to have increased acetabular coverage 
of the femoral head compared to the ASD-KE and control 
groups (48 ± 4% vs. 46 ± 4% and 44 ± 4% resp., p < 0.001), 
AT (34 ± 11° vs. 28 ± 9° and 26 ± 7° resp., p < 0.001), AAbd 
(59 ± 6° vs, 57 ± 4° and 56 ± 4° resp., p = 0.009 and AAnt 
(24 ± 6° vs. 20 ± 5° and 18 ± 4° resp., p < 0.001). How-
ever, for the case of the PACA, differences were found only 
between the ASD-KF and ASD-KE groups (100 ± 6° vs. 
97 ± 7° resp., p = 0.006). Moreover, patients in the ASD-
KF group had decreased AACA compared to the ASD-KE 
and control groups (54 ± 8° vs. 55 ± 8° and 60 ± 6° resp., 
Fig. 1  Subject-specific 3D reconstructions of the spine and pelvis based on biplanar X-rays with computation of spinopelvic and global postural 
parameters
p < 0.001) (Fig. 4). In addition, ASD-KF had a decreased 
NSA compared to the ASD-KE and control groups (126 ± 6 
vs. 128 ± 6 and 129 ± 5° resp., p = 0.012), and FA (12 ± 9° 
vs. 16 ± 11° and 15 ± 8° resp., p = 0.03).
Hip parameters were found to be significantly corre-
lated with spinopelvic and postural parameters (Table 2). 
For instance, positive correlations were found between PT 
and AT (r = 0.68, p = 0.012), and AAnt (r = 0.68, p = 0.001). 
AT was also found to be positively correlated with SVA 
(r = 0.47, p < 0.001). Furthermore, AAnt was positively cor-
related with PI-LL mismatch (r = 0.59, p < 0.001).
The multivariate analysis showed that the increase in 
ACFH was determined (adjusted  R2 = 0.12) by increas-
ing age (β = 0.18) and PT (β = 0.23). The increased 
AT was determined (adjusted  R2 = 0.5) by decreasing 
height (β =  − 0.16) and increasing SVA (β = 0.14) and 
PT (β = 0.56). The increased AAbd was determined 
(adjusted  R2 = 0.33) by decreasing weight (β =  − 0.15) 
and increasing PT (β = 0.49) and SVA (β = 0.16). Further-
more, increased posterior coverage of the acetabulum was 
found to be determined (adjusted  R2 = 0.22) by increas-
ing age (β = 0.15) and PT (β = 0.29) and decreasing height 
(β =  − 0.17) and Cobb angle (β =  − 0.14). Moreover, an 
increase in the anterior coverage of the acetabulum was 
found to be determined (adjusted  R2 = 0.24) by decreasing 
PT (β =  − 0.34) and Cobb angle (β =  − 0.18) and increas-
ing L1S1 (β = 0.16). Increased AAnt (adjusted  R2 = 0.49) 
was found to be determined by increasing age (β = 0.15) 
Fig. 2  3D Hip parameters
Table 1  Demographic parameters and comparison between ASD subjects and controls
*bold: significant difference
ASD subjects (n = 159) Controls (n = 68) p value
Age (years) 47 ± 21 38.6 ± 12.9 0.052
Weight (Kg) 68 ± 17 67 ± 14 0.883
Height (cm) 162 ± 10 165 ± 7 0.015*
Sex
 F 128 31 0.352
 M 51 17
Fig. 3  Spinopelvic and global postural parameters: comparison between controls, ASD subjects presenting with knee flexion and ASD subjects 
presenting with knee extension
Fig. 4  3D hip parameters: comparison between controls, ASD presenting with knee flexion and ASD presenting with knee extension
and PT (β = 0.6) and decreasing height (β =  − 0.13). Major 
determinants are shown in Fig. 5.
Discussion
Subjects with adult spinal deformity are known to present 
with sagittal malalignment leading to the recruitment of sev-
eral compensatory mechanisms in order to maintain balance, 
such as flattening of the thoracic spine, pelvic retroversion 
to a certain limit, and knee flexion [9–14, 25]. This study 
investigated hip morphology in subjects with ASD pre-
senting with different compensatory strategies in order to 
better understand the concept of pelvic tilt reserve. It was 
shown in this study that subjects with ASD with flexed knees 
presented with a more posteriorly tilted acetabulum, lead-
ing to an increase in posterior coverage and a decrease in 
anterior coverage, along with an increase in abduction and 
Table 2  Pearson’s correlations between hip parameters and spinopelvic and postural alignment
Only significant correlations were reported
Pearson’s correlation (r) SVA CAM plumb line C7-CSL Knee flexion PI PT PI-LL L1S1 T1T12 Frontal Cobb
Acetabular tilt 0.47 0.25 0.21 0.30 0.17 0.68 0.57  − 0.40  − 0.15
Acetabular abduction 0.39 0.19 0.20 0.55 0.42  − 0.31  − 0.17
Acetabular anteversion 0.45 0.22 0.27 0.30 0.23 0.68 0.59  − 0.42  − 0.14
Posterior acetabular coverage 0.23 0.21 0.41 0.30  − 0.20
Anterior acetabular coverage  − 0.31  − 0.17  − 0.23  − 0.25  − 0.44  − 0.41 0.36  − 0.23
Acetabular coverage over the 
femoral head
0.17 0.15 0.23 0.32 0.25  − 0.16
Neck shaft angle  − 0.30  − 0.21  − 0.24  − 0.28  − 0.32 0.28
Femoral anteversion  − 0.15  − 0.17  − 0.15  − 0.23
Fig. 5  Major correlations between hip parameters and spinopelvic and global postural parameters
 
anteversion. These alterations in the acetabulum were deter-
mined by the increased SVA and PT and the decreased LL.
ASD patients included in this study present the typical 
postural malalignment previously described in the literature: 
increased SVA, PT, knee flexion, frontal Cobb angle and 
decreased lumbar lordosis. It is known that subjects with 
ASD retrovert their pelvises in an attempt to shift the center 
of gravity posteriorly [26–29]. However, this pelvis retro-
version can reach a limit beyond which no further retrover-
sion is possible. Therefore, in order to increase retroversion, 
ASD subjects tend to flex their knees as a final compensa-
tory mechanism [16].
By comparing ASD subjects with knee flexion to those 
without knee flexion and controls, ASD who flexed their 
knees were found to present with greater alterations of radio-
logical parameters and an increased sagittal malalignment. 
In fact, ASD subjects with knee flexion had an increased 
SVA and CAM plumb line and thus increased forward bend-
ing of the trunk and head. This finding further emphasizes 
that subjects with flexed knees have a more advanced sagittal 
malalignment. In addition, ASD subjects with knee flexion 
had a lower LL and therefore a greater PI-LL mismatch. 
Actually, previous studies have shown that an exhaustion 
of pelvic retroversion occurred with increased PI-LL mis-
match [30] correlating with a more advanced stage of sagit-
tal malalignment.
When assessing the hip parameters, ASD subjects with 
knee flexion presented with altered acetabular parameters 
when compared to ASD with knee extension and controls. In 
fact, an increasing pelvic retroversion, as seen in the group 
of ASD with increased knee flexion, would lead geometri-
cally to an increased acetabular tilt posteriorly. Given the 
3D orientation of the acetabulum, when the posterior cov-
erage of the femoral head increases, this leads to decreased 
anterior coverage. In addition, the acetabulum will be more 
abducted and anteverted. This mechanism was validated by 
the results obtained in this study (Fig. 6). Previous studies 
have shown that ASD subjects tend to have altered acetabu-
lum orientation characterized by increased acetabular ante-
version [20]. Moreover, the findings of this study showed 
that ASD subjects who tend to compensate with additional 
knee flexion had a lowered neck shaft angle and femoral 
anteversion.
These alterations all together could play a role in limit-
ing the retroversion of the pelvic segment as well as in the 
development of a femoro-acetabular impingement leading 
to the deterioration of the hip joint and therefore a decrease 
in function.
Future studies should include a larger sample in order to 
determine whether the reduced neck shaft angle and femo-
ral anteversion are due to measurement errors or to bone 
remodeling in patients with spinal malalignment compensat-
ing with knee flexion.
Previous studies have shown better outcomes for 
patients without sagittal malalignment undergoing total 
hip arthroplasty than patients with sagittal malalignment 
[31]. Also, it is known that patients with spinal fusion, 
therefore reduced spinal mobility, are at highest risk of 
hip impingement [32]. The relationship between the spine 
and the hip is previously described in the literature as 
the spine-hip syndrome. However, the exact interaction 
between these two structures remains not fully elucidated 
[33, 34]. In this study, increased PI-LL mismatch and knee 
flexion were found to be correlated with increased acetabu-
lar tilt. In addition, increased SVA, knee flexion and PI-LL 
mismatch were positively correlated with the increased 
acetabular anteversion. These correlations further accen-
tuate the findings seen in ASD patients who compensate 
Fig. 6  Chain of compensation in patients with ASD and influence on 3D hip orientation
with knee flexion. Thus, a more severe sagittal malalign-
ment might be associated with changes in acetabular ori-
entation (Fig. 7). Furthermore, even the morphological 
alterations of the hip, such as the decreased neck shaft 
angle and femoral anteversion, were also correlated with 
the sagittal malalignment parameters.
In the multivariate analysis, PT was found to be a deter-
minant of all acetabular parameters, showing the importance 
of this parameter in the chain of compensation and as a main 
determinant for the resulting hip orientation. Furthermore, 
other spinopelvic parameters like SVA and LL were found 
to be determinants of acetabular tilt, abduction and anterior 
coverage, thus emphasizing the close relationship between 
sagittal malalignment and hip orientation. Future studies 
should confirm if the correction of spinopelvic deformities 
can lead to subsequent adjustments in acetabular orientation.
In conclusion, this study showed that ASD subjects com-
pensating with knee flexion had an increased pelvic tilt and 
presented a more tilted acetabulum, with decreased anterior 
coverage and increased posterior coverage, anteversion and 
abduction. These alterations might lead to femoro-acetabular 
impingement, thus limiting the increase in pelvic tilt, and 
thereby resulting in knee flexion in order to further compen-
sate for increasing sagittal malalignment. This underlying 
mechanism could be potentially involved in the hip-spine 
syndrome.
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